The bulk of aqueous humour outflow resistance is generated in or near the inner wall endothelium of Schlemm's canal in normal eyes, and probably also in glaucomatous eyes. Fluid flow through this region is controlled by the location of the giant vacuoles and pores found in cells of the endothelium of Schlemm's canal, but the flow resistance itself is more likely generated either in the extracellular matrix of the juxtacanalicular connective tissue or the basement membrane of Schlemm's canal. Future studies utilizing in vitro perfusion studies of inner wall endothelial cells may give insights into the process by which vacuoles and pores form in this unique endothelium and why inner wall pore density is greatly reduced in glaucoma. q
It has been recognized for more that 130 years that the elevated pressure characteristic of primary open-angle glaucoma arises due to an increased resistance to the outflow of aqueous humour from the eye. (Leber, 1873) However, a conclusive determination of where in the outflow pathways this elevated outflow resistance is generated has been elusive. Surprisingly, the locus of aqueous humour outflow resistance in the normal eye has also been not been unequivocally determined. Seidel (1921) using light microscopy, stated 'that the inner wall of Schlemm's canal stand in open communication with the anterior chamber, and that the aqueous humour directly washes around the inner wall endothelium of Schlemm's canal and is only separated from the lumen of Schlemm's canal by a thin, outer membrane'. Our view is little different today. The locus of outflow resistance, both in the normal eye and the glaucomatous eye, is thought to arise either in the endothelial lining of Schlemm's canal, or very near to this location. In this article, current thoughts on where that flow resistance might be generated are reviewed.
There are a number of excellent review articles (Tripathi, 1974a,b; Bill, 1975; Bill and Mäepea, 1994; Gong et al., 1996; Johnson and Erickson, 2000; Ethier, 2002) that describe the detailed morphology and physiology of the aqueous outflow pathway. In this review, the evidence that leads to the conclusion that the inner wall region is responsible for the bulk of aqueous humour outflow resistance is first presented. Then, attention is focused on those proximal aspects of this pathway that are nearest to the endothelial linings of Schlemm's canal, and the transport characteristics of these structures.
The bulk of the aqueous humour flows out of the anterior chamber of the eye through the conventional aqueous outflow pathway comprised of the trabecular meshwork, the juxtacanalicular connective tissue, the endothelial lining of Schlemm's canal, Schlemm's canal itself, the collecting channels and aqueous veins, and then finally drains into the episcleral venous system, rejoining the blood from whence it came (in this review, the juxtacanalicular connective tissue is considered separately from the trabecular meshwork). A second 'unconventional' outflow pathways exists (Bill, 1964a (Bill, ,b, 1965 Bill and Hellsing, 1965) , but carries less than 10% of the total flow in the adult human eye, (Bill and Phillips, 1971 ) and thus does not significantly contribute to the dynamics of aqueous humour outflow in the normal eye. This pathway is important, however, to the understanding of the mechanism of action of PGF 2a in the treatment of glaucoma. A review of transport through the unconventional outflow pathways can be found in Johnson and Erickson (2000) .
Regions of low outflow resistance
In this section, those aspects of the conventional aqueous humour outflow pathway that are generally agreed to have small or negligible outflow resistance are examined. These include the trabecular meshwork, Schlemm's canal and the collector channels and aqueous veins.
The uveal and corneoscleral meshworks, that make up the trabecular meshwork, are highly porous structures with numerous openings that range in size from 25-75 mm in the proximal regions of the uveal meshwork to 2-15 mm in the deeper layers of the corneoscleral meshwork (Tripathi, 1974a, b) . McEwen (1958) used Poiseuille's law to show that a single pore 100 mm long (the thickness of the trabecular meshwork in the flow-wise direction) and 20 mm in diameter could carry the entire aqueous humour flow (2 ml/min) with a pressure drop of 5 mmHg, and thus concluded that there was negligible flow resistance in this region. Grant (1963) provided experimental support for this conclusion by cutting through the proximal aspects of the meshwork of enucleated human eyes and found no effect on outflow resistance.
Schlemm's canal, shown in Fig. 1 , is the space that exists between the endothelial lining of the inner wall of Schlemm's canal, and the sclera. While the canal is open at low intraocular pressures, Johnstone and Grant (1973) showed that the trabecular meshwork expands and Schlemm's canal collapses as the intraocular pressure is increased. The distance between the inner and outer wall decreases from roughly 30 mm for eyes fixed by immersion in fixative to a nearly zero when the eyes are fixed by perfusion with fixative at intraocular pressures (IOP) that exceeds episcleral venous pressure by approximately 30 mmHg. While the size of the canal at low IOP is much too large to generate a significant outflow resistance, (Moses, 1979 ) the collapse of Schlemm's canal at higher IOP has led some to speculate that this might be a cause of primary open-angle glaucoma. (Nesterov, 1970) However, Johnson and Kamm (1983) pointed out that when outflow resistance is measured at high IOP in non-glaucomatous human eyes, the outflow resistance is not nearly as high as that of a glaucomatous eye. (Brubaker, 1975; Van Buskirk, 1976; Moses, 1977) Collapse of the canal would make a glaucomatous condition worse, but it could not cause the glaucoma.
Upon leaving Schlemm's canal, the aqueous humour enter one of approximately 30 collecting channels that connect Schlemm's canal with the aqueous veins. The collector channels and aqueous veins have diameters that are tens of microns across. (Dvorak-Theobald, 1934; Batmanov, 1968; Rohen and Rentsch, 1968; Rosenquist et al., 1989) Use of Poiseuille's law leads to the conclusion that these vessels should have negligible flow resistance. (Rosenquist et al., 1989) The experimental support for this conclusion is mixed. Mäpea and Bill (1989 Bill ( , 1992 measured pressures in Schlemm's canal of primate eyes and found the pressure there little different from episcleral venous pressure. This is in agreement with the theoretical calculations. However, a number of investigators (Grant, 1958 (Grant, , 1963 Ellingsen and Grant, 1972; Van Buskirk and Grant, 1973; Peterson and Jocson, 1974; Van Buskirk, 1977) have perfused enucleated primate and human eyes before and then after a 3608 trabeculotomy, which would be expected to eliminate all flow resistance proximal to the collector channels and aqueous veins. All of these studies have shown that at least 25% of outflow resistance remains after this procedure, in contrast to what would have been predicted theoretically.
These disparate experimental results regarding the flow resistance of the collector channels and aqueous veins have not been reconciled, perhaps due to the fact that while a significant fraction of normal aqueous humour outflow resistance may be generated by the collector channels and/or aqueous veins, these vessels are not responsible for the elevated outflow resistance characteristic of the glaucomatous eye. Several observations lead to this conclusion. First, in a early study by Grant (1963) , a trabeculotomy eliminated all of the elevated glaucomatous flow resistance in eight glaucomatous eyes. This result indicated that in primary open-angle glaucoma, the outflow obstruction is proximal to the collector channels and aqueous veins. Further support for this conclusion can be found in the success of laser trabeculoplasty (LTP) in reducing outflow resistance in glaucomatous eyes (Wise and Witter, 1979) . While it is not known precisely what locus in the outflow pathway LTP acts upon, recent evidence suggest that the site of action is in the trabecular meshwork, (Van Buskirk et al., 1984; Bradley et al., 2000; Johnson and Erickson, 2000) and it seems very unlikely that LTP has an significant effect on the outflow resistance of the collector channels and/or aqueous veins.
The considerations detailed in this section indicate that little if any significant flow resistance in the normal eye is found in the uveal meshwork, corneoscleral meshwork, Schlemm's canal, or the collector channels and aqueous veins. While some increased resistance might be found in these structures in the glaucomatous eye, they are not responsible for the bulk of the elevated outflow resistance characteristic of the glaucomatous eye. The focus of this review now turns to the region immediately surrounding the inner wall of Schlemm's canal where all evidence indicates that normal aqueous humour outflow resistance resides, and where the elevated flow Fig. 1 . Scanning electron micrograph of trabecular meshwork (TM) and Schlemm's canal (SC) from a human eye. Both regions are more expanded than they would be under physiological conditions. Asterisks shows a collecting channel (Freddo, 1993 (Freddo, (and revised 1999 ). q 1993, Appleton and Lange.
resistance characteristic of primary open-angle glaucoma also likely arises.
The inner wall region of Schlemm's canal
Here, the term 'inner wall region' is used to refer to the inner wall endothelium of Schlemm's canal, its basement membrane and the adjacent juxtacanalicular connective tissue. Fig. 2 shows a transmission electron micrograph of the tissues that neighbours Schlemm's canal on its upstream side.
The endothelial lining of inner wall of Schlemm's canal is typical in some ways of other vascular linings. (Tripathi, 1974a, b) The cells are long, flattened cells that are spindle-shaped with a central nuclear bulge and tapering rounded edges. Their long axis is parallel to the canal (in the direction of flow through the canal) with a length of 40-100 mm and a width of 5-15 mm. They are flattened cells with a thickness of 1 mm or less, except in their nuclear region. They are attached to one another with tight junctions (Raviola and Raviola, 1981; Bhatt et al., 1995) .
This endothelium has several unique characteristics. First, structures known as 'giant vacuoles' are seen in this layer. (Fig. 3 ) While they appear to be intracellular structures, they are really outpouchings of the endothelium into Schlemm's canal, caused by the pressure drop across inner wall endothelial cells (Brilakis and Johnson, 2001 ). Epstein and Rohen (1991) described these structures as 'dilations of the paracellular spaces'. Grierson and Lee (1978) showed that these structures were invaginations into the canal with most having a large opening on the meshwork side of the vacuole. Twenty to thirty percent of these vacuoles also have a distal opening, a pore, and thus some of the vacuoles are transcellular channels.
It has not always been sufficiently appreciated that cell processes from the inner wall endothelium are frequently attached to a second layer of cells (Fig. 4) . This layer was first noted by Holmberg (1959 Holmberg ( , 1965 who considered the inner wall of Schlemm's canal 'to be formed by two endothelial layers separated by a narrow space'. Two distinct layers are only apparent in eyes fixed by immersion; this distinction is lost in eyes fixed by perfusion. Only the outer layer (the endothelial lining of the inner wall of Schlemm's canal) is continuous. Cell processes from the cells of this endothelium attach to the inner layer of cells that have been called subendothelial cells, (Johnstone, 1979) but whose cell type has not yet been determined. This latter layer is, in some cases, responsible for the impression that giant vacuoles appear to be intracellular structures since this layer can sometimes make up the basal aspect of some vacuoles (see (Epstein and Rohen, 1991) ).
The distal openings, or pores, in these vacuoles are a second feature of the inner wall endothelium that is relatively unique (Fig. 3) . The majority of these pores are transcellular, although a fraction of these pores are located at the border of two cells (border pores), and thus not transcellular (Ethier et al., 1998) . The transcellular pores do not connect the extracellular fluid Fig. 2 . Transmission electron micrograph of the inner wall of Schlemm's canal (SC) of a human eye, showing the endothelium (arrows) and giant vacuoles within this endothelial layer (GV). The region immediately below the inner wall and basement membrane is the juxtacanalicular connective tissue (JCT) and has many large, apparently empty spaces (ES). Collagen (C) and elastin (E) are apparent in the JCT along with fibroblastic-like cells. Magnification in source article !89,100 (Gong et al., 1996) . q 1996, Wiley-Liss, Inc. with the cytoplasm of the cell. Instead, they pass from the basal side of the cell to the apical side at a location on the cell surface where the cell membranes from the inner and outer surfaces of the cell have come together and fused. The pore is thus membrane-lined on its surface. These pores usually form on giant vacuoles since it is in this region in which the cell is greatly attenuated and the cytoplasm becomes thin.
Fusion of the inner and outer cell membranes and the formation of transcellular pores are not entirely unique to these cells. Pores associated with giant vacuoles are also found on the arachnoid villi in the drainage pathway for the cerebrospinal fluid (Tripathi, 1974a (Tripathi, ,b, 1977 Angevine, 1994) . When cell thickness is reduced below a critical thickness, vascular endothelium can form transcellular pores involved in transport processes (Palade et al., 1979; Neal and Michel, 1995; Neal and Michel, 1996; Savla et al., 2002) .
The inner wall endothelium of Schlemm's canal is supported by a discontinuous basement membrane. This makes Schlemm's canal a somewhat unique vessel having a continuous endothelium with tight junctions between neighbouring cell, supported by a discontinuous basement membrane. Blood vessel endothelia have a continuous endothelium with a continuous basement membrane, while lymphatics have a discontinuous endothelium with a discontinuous basement membrane (Gong et al., 1996) .
The region immediately underlying the inner wall and basement membrane is the juxtacanalicular connective tissue (JCT) and has many large, apparently empty spaces. This region extends from the last trabecular beam until the basement membrane of the inner wall endothelium. It is typically 2-15 mm thick. The JCT is more porous (30-40% open space when fixed under flow conditions) (Ten Hulzen and Johnson, 1996) than most other connective tissues.
The JCT has extracellular matrix components typical of connective tissues and fibroblastic-like cells that lack a basal lamina (Gong et al., 1996) but that are connected to the extracellular matrix with integrins (Tervo et al., 1995) . The extracellular matrix components include collagen types I, III, IV, V and VI (but not type II), (Lütjen-Drecoll et al., 1989; Marshall et al., 1990; Marshall et al., 1991) elastin, (Gong et al., 1989) laminin, (Marshall et al., 1990) fibronectin, (Gong et al., 1996) and glycosaminoglycans, particularly dermatan sulfate, chondroitin sulfate and hyaluronic acid (Gong et al., 1996) . With aging, this region shows an accumulation of structures called plaques (Lütjen-Drecoll et al., 1981; Alvarado et al., 1986) . In glaucoma, there appears to be an increased agerelated accumulation of plaque material, although this accumulation has little hydrodynamic consequence, as mentioned below.
The generation of flow resistance in the inner wall region of Schlemm's canal
While there is agreement among most investigators that the bulk of aqueous humour outflow resistance is generated in the immediate vicinity of the inner wall endothelium of Schlemm's canal, the precise location and the mechanism by which this dissipation occurs is still a topic of active debate and research.
The juxtacanalicular connective tissue (JCT)
The JCT, with its tortuous submicron-sized flow pathways, is a natural location to investigate as to its role in generating outflow resistance. Surprisingly, morphometric analysis combined with theoretical calculations have indicated that, unless these apparently open spaces are actually filled with an extracellular matrix gel, they would generate an insignificant fraction of the total outflow resistance Seiler and Wollensak, 1985; Ethier et al., 1986) . These cells attach to a second layer of cells (SEC) that in turn attach to the trabecular lamella (tl). (Johnstone, 1979) . q 1979, Association for Research in Vision and Ophthalmology. Fels (1970) . b Fatt (1969) . c Starita et al. (1997) . d Robertson and Walton (1989) . e Levick (1987) . f Mow et al. (1984) . g Levick et al. (1996) h Fatt (1977) .
This conclusion was reached using porous media theory to characterize the flow resistance of the JCT, an approach that has been used in other connective tissues (Levick, 1987) . Several different parameters can be use to characterize the fluid transport capacity of a tissue. The flow resistance (RZDP/Q) of a tissue is the ratio between the pressure drop across that tissue (DP) and the flow rate generated by that pressure drop (Q); the inverse of this quantity is know as the total hydraulic conductance of this tissue. The conductance per unit surface area is known as the hydraulic conductivity (L p ), while the conductance of the tissue normalized for surface area, tissue length in the flow wise direction (L) and fluid viscosity (m) is known as the specific hydraulic conductivity (K).
Darcy's law relates the flow resistance (R) of a tissue to the specific hydraulic conductivity (K) of that tissue,
and the specific hydraulic conductivity is related to the hydraulic conductivity as:
Typical values of K and L p for a variety of tissues are found in Tables 1 and 2 .
The K value that characterizes the flow resistance of a tissue can be measured experimentally by determining the other parameters in Eq. (1), all of which are easy to determine or estimate for aqueous humour outflow with the exception of the length (L) over which the pressure drop occurs. However, since the bulk of the pressure drop occurs somewhere in or near the inner wall of Schlemm's canal, it can be concluded that this length is less than roughly 10 mm, or so, an estimate supported by experimental studies (Maepea and Bill, 1992) . Using a flow rate through the aqueous outflow pathway of 2 ml/min passing through a cross-sectional area of between 0.054 and 0.13 cm 2 (canal width of 150-350 mm; canal length Timbs and Spring (1996) . c Preston et al. (1992) . d Gonzalez et al. (1982) . e Solomon et al. (1983) . f Persson and Spring (1982) . g Klyce and Russell (1979) . h Fatt (1969) . i Tsuboi (1987) . j Renkin (1977) . k Hedbys and Mishima (1962) . l Levick and Smaje (1987) . m Vargas et al. (1979) . n Fisher (1982) . o Starita et al. (1996) (eyes under 40) and Bentzel and Reczek (1978) . p Welling and Welling (1978) .
around the eye of 3.6 cm (Ten Hulzen and Johnson, 1996) ), and a pressure drop of 5 mmHg, it can then determined that K for the resistance-causing region in the aqueous outflow pathway must be less than 65!10 K14 cm 2 . Unless the length over with the pressure drop occurs (L) is much smaller than 10 mm, the specific hydraulic conductivity of the connective tissue elements in the outflow pathway is greater than that of any other connective tissue with the exception of the vitreous humour (Table 1) .
K can also be estimated from photomicrographs showing the ultrastructure of a tissue (Overby et al., 2001 ). This can potentially allow an evaluation of which structures in the aqueous outflow pathway are generating the measured outflow resistance. Carmen-Kozeny theory relates the structure of a porous medium to K as:
where D h is the hydraulic diameter of the open-spaces available for flow and 3 is the porosity, or fraction of open space of the medium (note that at porosities higher than roughly 0.8, this equation becomes inaccurate). Using Carmen-Kozeny theory combined with conventional transmission electron microscopy, it was found (in immersion-fixed eyes) that the porosity of the JCT was approximately 0.15-0.25, D h was approximately 1-1.5 mm, and most importantly, K of the JCT was calculated to be approximately 2000-10 000!10 K14 cm 2 based on the photomicrographs. (Ethier et al., 1986; Murphy et al., 1992) This is, at least, thirty times greater than the measured K of the outflow system. Based on this, Ethier et al. (1986) concluded that the JCT, as visualized using conventional transmission electron microscopy, could not generate a significant fraction of outflow resistance. Other investigators have confirmed this conclusion including studies in which the eyes were fixed by perfusion (Seiler and Wollensak, 1985; Murphy et al., 1992; Ten Hulzen and Johnson, 1996) . It thus followed that either this region was filled with an extracellular matrix gel that was poorly visualized using conventional TEM techniques, or, that this region was not the primary site of outflow resistance. The agerelated accumulation of 'plaque-like material' in this region that is enhanced in glaucomatous would have no influence on this conclusion (Alvarado et al., 1986; Murphy et al., 1992) .
More recently, Gong et al. (2002) used the quick-freeze/ deep-etch methodology to examine the apparent open spaces seen in the JCT region in greater detail. QFDE is a morphological technique that preserves the cellular and extracellular ultrastructure in exquisite detail and allows visualization of structures poorly preserved or not seen at all using conventional TEM tissue preparation techniques (Mecham and Heuser, 1990; Kubosawa and Kondo, 1994) . A more elaborate and extensive extracellular matrix was seen in the JCT using QFDE as compared to conventional methods of preparation for TEM (Fig. 5) ; however, micron-sized open spaces were still seen in this region, casting doubt on whether a significant fraction of outflow resistance could be generated in this region. An important caveat pointed out by Gong et al. regarding their studies was that it was not clear whether or not QFDE can visualize the glycosaminoglycans in their uncollapsed state, and this uncertainty leaves the question of generation of appreciable flow resistance in the JCT region in doubt.
The role that glycosaminoglycans and other extracellular matrix elements found in the JCT might play in generating outflow resistance is unclear. While it has been shown that enzymes that degrade glycosaminoglycans (GAGases) increase outflow facility in a number of species (cow, guinea pig, dog, rabbit), the evidence regarding primates is conflicting, and there has been no confirmed data yet showing that GAGases decrease outflow resistance in human eyes (Johnson and Erickson, 2000) . Matrix metalloproteinases (MMPs) have been shown to reversibly increase outflow facility in perfused human anterior segment organ culture, and this is a strong indicator that the extracellular matrix may generate significant aqueous outflow resistance (Bradley et al., 1998) .
Perhaps the strongest experimental evidence implicating the JCT as a major site of outflow resistance is the study of Maepea and Bill, (1992) in which micropipettes were used to localize the pressure drop to occurring between 7 and 14 mm from the inner wall of Schlemm's canal. While this result is frequently cited in the literature, it is not widely appreciated that this measurement was made with a device whose tip size was as large as the measurement zone. Fig. 6A shows the schematic of the measurement device in situ as given in the Maepea and Bill paper, while Fig. 6B , shows a corrected schematic with the measurement device drawn roughly to scale. When this reservation is combined with the fact that the inner wall of Schlemm's canal distends several to many micrometers during the process of penetration by the micropressure probe (unpublished work by Dr Milko Iliev in collaboration with our laboratory), it leads to the conclusion that the bulk of the aqueous humour pressure drop occurs near the inner wall of Schlemm's canal (within 5-10 mm), but that no further quantitative conclusions are possible.
The basement membrane
The other possible loci for generation of outflow resistance are the basement membrane of the inner wall of Schlemm's canal, and the inner wall endothelium itself. The basal lamina or 'basement membrane' has the potential to generate a significant flow resistance. Table 1 shows that the specific hydraulic conductivities of basement membranes (top four tissues in table) are among the lowest of connective tissues.
However, basal lamina tend to be quite thin and this limits the flow resistance they can generate (see Eq. (1)). Table 2 shows the hydraulic conductivity of a variety of physiological membranes, including cell membranes, epithelia and basement membranes. The large variation in L p of basement membranes is due not only to variation in the specific hydraulic conductivity of these tissues, but also to significant differences in their thicknesses (ranging from 0.15 mm for Bruch's membrane (Marshall et al., 1998) to 7 mm for Descemet's membrane (Fatt, 1969) (2)), L p ZQ/A/DP. Using the values characterizing the aqueous outflow pathway presented above, we can estimate that L p for the aqueous humour outflow pathway is between 4000!10 K11 and 9000!10 K11 cm 2 sec/ g. Note that this is not a theoretical calculation but an estimate based on measured quantities.
In Table 2 , we see that several basement membranes, in particular those of the renal system, have hydraulic conductivities similar to that of the aqueous outflow pathway. This suggests that the basement membrane of the inner wall endothelium of Schlemm's canal might be an important contributor to aqueous humour outflow resistance.
However, as noted above, this basement membrane is unique (as compared with vascular basement membranes) in that it is discontinuous. The recent study by Gong et al. (2002) examining the inner wall region using quick-freeze/deep-etch appeared to confirm this conclusion. If there are breaks in the basement membrane, it is difficult to see how a significant flow resistance could be generated by this tissue.
The inner wall endothelium of Schlemm's canal
Since the time that light microscopes and later electron microscopes have been focused on the inner wall endothelium, this tissue has been an attractive candidate for the generation of aqueous humour outflow resistance. However, to appreciate the role of this tissue in generating outflow resistance, it must be recognized that, as best as is currently understood, all conventional aqueous humour outflow must pass through this cellular lining. As such, comparison of the hydraulic conductivity of this tissue (4000-9000!10 K11 cm 2 sec/g) with that of other endothelia and epithelia as seen in Table 2 , leads one to conclude that this vessel lining must have one of the highest hydraulic conductivities in the body. Compared to other tissues in Table 2 , it is clear that only fenestrated endothelia (and some basement membranes) have such high hydraulic conductivities.
While the inner wall endothelium is not fenestrated, this endothelium is unique in that it contains micron-sized pores. It is interesting that even early investigators had concluded the such pores existed (Seidel, 1921) , long before they were first seen by electron microscopy (Garron et al., 1958; Holmberg, 1959; Speakman, 1959 ). This conclusion was based on early filtration studies that examined the sizes of microparticulates that would pass through the outflow pathway. It was found in these studies that a filtration barrier existed for particles larger than roughly one half micrometer or so, and thus it was concluded that pores nearly one micrometer in size must exist. More recent studies have confirmed this conclusion using microparticles and latex microspheres (Huggert, 1955; Huggert et al., 1955; Karg et al., 1959; Johnson et al., 1990 ).
While there is some debate concerning the existence of these pores (which is discussed below), no group has offered an alternate explanation for the extraordinarily high hydraulic conductivity of the aqueous outflow pathway. Nor has any alternate explanation been offered for the relatively easy passage of microparticles 200-500 nm in diameter through the outflow pathway (Johnson et al., 1990) , except through these large pores. Since there are intact tight junctions between the inner wall cells (presumably to prevent blood reflux into the eye that can occur during periods of transient increases in ocular venous pressure), there are no other structures apparent in this endothelium that could explain the high hydraulic conductivity of this tissue or its filtration characteristics.
The flow resistance generated by these pores was first considered by Bill and Svedbergh (1972) . In an exhaustive study using scanning electron microscopy, they characterized the size distribution of these pores, and then used hydrodynamic theory to calculate for hydraulic conductivity of these pores. Using Sampson's law, that gives the hydraulic conductivity for a single pore of diameter d,
They found that the inner wall endothelium could present, at most, 10% of the outflow resistance. That is, the hydraulic conductivity of the pores in the inner wall endothelium is, at least, 10-fold higher than the measured hydraulic conductivity of the outflow pathway. This conclusion has been confirmed in a number of studies (Grierson et al., 1979; Erikkson and Svedbergh, 1980) . These results would appear to rule out the inner wall endothelium as a major site of outflow resistance. However, a number of experimental findings are at variance with this conclusion. In particular, when chelating agents (EDTA, EGTA: (Bill et al., 1980; Hamanaka and Bill, 1987) ) or a proteolytic enzyme (a-chymotrypsin: (Hamanaka and Bill, 1987) ) were perfused through the outflow pathway of live primates, it was found that ruptures of the inner wall endothelium were produced by these agents that decreased outflow resistance more that could be explained by the calculated flow resistance of the inner wall pores.
It has been pointed out ) that a hydrodynamic interaction ('the funnelling effect') between the inner wall pores and the JCT, that lies immediately below these pores, might explain the findings of Hamanaka and Bill (see Fig. 7 ). In this scenario, the pores and vacuoles themselves contribute negligible flow resistance, but since they force the fluid to 'funnel' through those regions of the JCT nearest the pores and vacuoles, the vacuole size and pore density can have a significant effect on the effective hydraulic conductivity (L p ) of the JCT:
here, K is the specific hydraulic conductivity of the JCT region, n is the number of pores per unit area in the inner wall, D is the diameter of the vacuoles in the inner wall and m is the viscosity of the aqueous humour. The funnelling model suggests that while the bulk of outflow resistance is actually generated in the JCT, its magnitude is modulated by the pores and vacuoles of the inner wall endothelium of Schlemm's canal. This model explains many of the characteristics of the outflow pathways discussed above. However, two recent studies (Sit et al., 1997; Ethier et al., 1998) failed to find a correlation between outflow facility and inner wall pore density as would be expected if Eq. (5) describes the hydraulic conductivity of the outflow pathway. Furthermore, these studies found that at least some inner wall pores may be artifacts of the fixation process.
Pores as possible fixation artifacts and the possible importance of flow through inner wall cell junctions or through water channels
The micron-sized pores that pass through the endothelial cells of the inner wall endothelium of Schlemm's' canal are relatively unique to these cells and to the cells of the arachnoid villi, a tissue of the cerebrospinal fluid pathway. This unique character has led some investigators to doubt that these are physiologic structures, but instead consider them to be artifacts of the tissue preparation process. The possibility that pores form during tissue preparation for electron microscopy was supported in recent studies that showed that during tissue fixation under flow conditions, the pore density of the inner wall endothelium increased as a function of the volume of fixative perfused through the outflow pathway (see Fig. 8 ) (Sit et al., 1997; Ethier et al., 1998) .
It has been postulated by several investigators (Epstein and Rohen, 1991; Alvarado et al., 1998; Brandt and O'Donnell, 1999; Underwood et al., 1999; Rao et al., 2001; Heimark et al., 2002 ) that instead of passing through the pores in the inner wall endothelium, a significant fraction of the aqueous humour passes through gaps between the tight junction strands of these cells. Ethier and Chan (Ethier and Chan, 2001) found that cationized ferritin perfused into enucleated human eyes acted to decreased outflow facility and was seen accumulating near junctions between inner wall endothelial cells. While Ethier and Chan argue that the decreased outflow facility caused by cationized ferritin was due to pore blocking that was also seen to occur in this study, others (Burke et al., 2004) have interpreted their results as consistent with a significant flow through the junctional complexes.
There are a variety of reasons why this hypothesis is untenable. Two strong argument against this possibility were already given above, namely that the uniquely high hydraulic conductivity of the aqueous outflow pathway is inconsistent with flow through intact tight junctions, and that the relatively free passage of microspheres 200-500 nm in diameter through the outflow pathway would be precluded if transport was primarily through such cell junctions. It is well known in the vascular system that macromolecules larger than roughly 10-20 nm are largely excluded from passing through intact tight junctions, for either fenestrated or non-fenestrated vessels (Pappenheimer et al., 1951; Simionescu et al., 1978; Curry, 1980; Bundgaard, 1984; Curry, 1984; Fu, 2001) . Raviola and Raviola (1981) examined the tight junctions of the inner wall endothelium and calculated the flow that would be expected through these junctions. The gaps they found available for transport around the tight junctional strands were nanometers in size, and they concluded that any flow that might occur through these spaces would be negligible. Ye et al. (1997) used freeze-fracture techniques to examine these junctions in eyes fixed under flow conditions and did not report significant differences from the dimensions reported by Raviola and Raviola. The notion that microparticles that are roughly one half micron in size could relatively easily pass through such openings seems improbable, at best.
The study of Ye et al. (1997) did find that the tight junctions of the inner wall cells simplified with increasing intraocular pressure. They speculated that the junctional simplification that occurred with increasing perfusion pressure might lead to border pore formation at locations of focal separation in the tight junctions. While they did not find a statistically significant relationship between junctional complexity and outflow facility in this small series of eyes, they did find a trend in that direction, consistent with their hypothesis.
Thus, while there are a number of strong arguments against the possibility of transport of a significant quantity of aqueous humour across the inner wall of Schlemm's canal passing directly through intact cell junctions, simplification of these junctions might be involved in the process of border pores formation. Paracellular flow through border pores could be consistent with the findings of Epstein and Rohen (1991) .
It has also been suggested that a fraction of aqueous humour outflow might pass through water channels (aquaporins) in the cell membrane of the inner wall cells (Stamer et al., 1995) . Red blood cells and renal proximal tubules are cell types expressing high levels of aquaporin 1 (Preston et al., 1992) . The hydraulic conductivities of the water channels in these cell membranes have been measured, as have those of cells in which aquaporins are overexpressed (see Table 2 ). All of these values are more than 1000 times smaller than the hydraulic conductivity of aqueous outflow pathway. It goes without saying that water channels also cannot explain the relatively free passage of half micron-sized particles through the outflow pathway.
The only pathway that appears consistent with the available physiologic evidence is through the inner wall pores whose existence was postulated already some 80 years ago (Seidel, 1921) , and that now are easily seen using scanning electron microscopy of this tissue. Importantly, the size of these pores is consistent with the predictions of Seidel (1921) . Whether this transport is primarily through border pores or is also through the transcellular pores remains to be determined.
The question remains as to why the number of these pores increases during the fixation process, as shown in Fig. 8 . A further finding of the studies of Sit et al. and Ethier et al. was that the number density of pores in the inner wall endothelium decreases as a function of post-mortem time, something not expected of an artifact. Instead, it may be that that fixation under flow conditions generates stresses in the inner wall due both to pressure-induced stretching of the inner wall of Schlemm's canal and also to shrinkage of the tissue following fixation (Johnson et al., 2002) . Pressure-induced stress is likely what causes the formation of these pores under physiologic conditions. Then, fixative-induced pore formation might be an artifact associated with a physiological process, namely stress on the inner wall endothelium. In this scenario, the y-intercepts of the lines seen on Fig. 8 would then represent the true physiological pore density of normal and glaucomatous eyes, respectively. Importantly, Fig. 8 shows this density to be greatly reduced in glaucomatous eyes.
Future work
While the evidence supporting the existence and importance of inner wall pores to aqueous humour outflow is strong, there have been no studies investigating the cellular processes by which such structures might originate, form, remain stable, and finally close. This is true for both transcellular pores and for border pores. For transcellular pores to allow flow without compromising the barrier between intracellular and extracellular fluids, there must be a fusion of the basal and apical surface of the cell. Neal and Michel have suggested that transcellular openings occur when cell thickness is reduced to a critical value (Neal and Michel, 1995; Neal and Michel, 1996; Savla et al., 2002) .
Proteins from the cortex of the cytoskeleton likely are involved in stabilizing the pores that form at this fusion site, and some cellular mechanism must exist for modulating the pore number density such that intraocular pressure is maintained. The biophysics of the pore formation process should be evaluated, and the cytoskeletal mechanics underlying the process of pore formation needs to be elucidated. Studies of experimental pore formation in vascular endothelium might provide useful information (Neal and Michel, 1995; Neal and Michel, 1996; Savla et al., 2002) .
Giant vacuoles likely have an important role in this process. The cells of the inner wall endothelium are under large stresses due to the pressure gradient across them that acts to separate them from their underlying basement membrane and/or underlying cells. This is very different than in vascular endothelium where the pressure is always greater within the vessel than in the tissue surrounding it, and thus vascular cells are being pressed against their supporting basement membrane rather than being pulled away from it.
Schlemm's canal cells undergo tremendous deformations due to this stress, with the surface area of the cells increasing by as much as 50% as the vacuoles expand with increasing intraocular pressure (Ethier, 2002) . These strains cause the cell to thin, pulling together the apical and basal surface of the cell, thus facilitating the fusion necessary to form a transcellular pore, and perhaps also initiating cellular process associated with this pore formation. These strains also lead to junctional simplification, and this likely facilities formation of border pores. The magnitude of the pressure drop across these cells is not known. If the entire aqueous outflow pressure drop (IOPepiscleral venous pressure) acts across these cells, it is hard to see how these cells could withstand such a tremendous load. More likely, as suggested by the funnelling model, most of the pressure drop occurs upstream either in the JCT region or in the basal lamina, and a much smaller pressure drop (perhaps a fraction of a mmHg) occurs over these thin cells (Bill and Svedbergh, 1972) . This would still be expected to produce large deformations. Biomechanical studies are needed to determine the ability of inner wall cells to maintain the stresses caused by the pressure drop across these cells, and how pore formation acts to redistribute these stresses.
Detailed studies of the cell biology of these processes require a model system that allows access to the surface of these cells and facilitates controlled perturbations. Such a model is likely best accomplished by cell culture studies in which Schlemm's canal cells are perfused from basal to apical side as they are physiologically. This is a difficult experimental condition to replicate due to the significant stresses that these cells must sustain without detachment. The first attempt at such a model was by Alvarado's group (Perkins et al., 1988 ), but they found that they needed to perfuse from in the opposite direction (apical to basal) to avoid separating their cells from their substratum. This was likely due to the relatively high pressure drop they used in their system (5 mmHg), which matches the pressure drop of the aqueous outflow pathway, but, as mentioned above, is likely significantly larger than the physiological pressure drop across the inner wall endothelium. Whereas live and enucleated eyes can be perfused with pressure drops as high as 30 mmHg with relatively normal appearance of the inner wall endothelium (Johnstone and Grant, 1973; Lee and Grierson, 1975) , this does not appear to be possible in Schlemm's canal cell cultures perfused in the basal to apical direction (Alvarado et al., 2004) .
A second potential experimental concern with such studies has to do with the maturity of the junctions between the cells when the study is begun. Junctions between cells continue to mature long after the cells have become confluent (Albelda et al, 1988; Sill et al., 1992; Yaccino et al., 1997; Underwood et al., 1999; Kaida et al., 2000; Penfold et al., 2000) . These studies have shown that the permeability to solutes, electrical resistance, and hydraulic conductivity can continue to change one to 2 weeks post confluence in endothelial monolayers. Measurements of hydraulic conductivity should only be made after the junctions become stable (Burke et al., 2004) . This is especially a concern for studies using steroids or other agents that directly affect these junctions and thus can influence how long they take to become stable (Underwood et al., 1999) . Maturity of the junctions should be confirmed by ascertaining that the hydraulic conductivity of such systems is indeed stable over an extended period of hours. It is likely that this will only be possible at very low pressure drops making these experiments technically challenging.
Recent results using these models have providing interesting findings, demonstrating that the hydraulic conductivity of these cells can change depending on whether the cells are perfused from the apical or basal side (Alvarado et al., 2004) . Distinct differences in cell morphology are also seen depending on the perfusion direction (Alvarado et al., 2004) . However, the cellular morphology of these systems do not yet match what is found physiologically. These in vitro cell layers show large (micro-sized) intercellular gaps (Underwood et al., 1999; Alvarado et al., 2004) that are not seen physiologically. The permeability of vascular monolayers are reported to be 10-100 times greater than for intact endothelia, presumably due to such defects (Albelda et al, 1988; Sill et al., 1992) . Formation of large blebbing structures in the cells have also been seen when these cellular layers are perfused from the basal to apical direction (Alvarado et al., 2004 ), but these structures are different in size and morphological characteristics from giant vacuoles that are seen in Schlemm's canal cells from intact tissues (Bill, 1970; Johnstone and Grant, 1973; Ethier, 2002) . Nonetheless, these studies provide the first glimpses at how these cells deal with a unique physiological stress environment. Dramatic insights into aqueous humour outflow dynamics are likely to come from such studies.
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